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ABSTRACT 



An experimental investigation was conducted into four 
areas of the solid fuel ramjet combustion process: (1) 

the effects of near-wall turbulent mixing and equivalence 
ratio on combustion efficiency, (2) the effects of bypass 
air on combustion efficiency, (3) the combustion process in 
a cylindrically perforated fuel grain with a twin side-dump/ 
dome configuration, and (4) the comparison of experimental 
radial temperature profiles to computer generated radial 
profiles . 

Polymethylmethacrylate fuel grains were burned in a 
ramjet motor on a thrust stand. Combustion efficiencies 
were determined and compared for different configurations. 

It was found to be insensitive to variations in the mixture 
ratio and to near-wall mixing. Bypass air was found to 
adversely affect the combustion efficiency both in stable 
and unstable combustion environments. The twin side-dump/ 
dome configuration was unable to sustain combustion for all 
conditions investigated. Theoretical radial temperature 
profiles were found to have larger near wall gradients than 
were measured experimentally. 
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SYMBOLS 



A area 

A* nozzle throat area 

f/a fuel-air ratio 

d orifice diameter 

D diameter (pipe, fuel grain) 

F thrust 

Fa area factor for thermal expansion of steel 

h effective differential pressure 

w 

L PMM fuel grain length 

M Mach number 

m mass flow rate 

P pressure 

P t stagnation pressure 

R gas constant 

r fuel regression rate 

r radius 

t^ burn time 

T temperature 

T experimental combustion stagnation temperature 

T t h theoretical combustion stagnation temperature 

AW.Jp weight change 

Y expansion factor 

y ratio of specific heats 

n combustion efficiency 
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p 



density 

equivalence ratio = !>f - 4 a j . . , . 

n (f/a) stoichiometric 
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I . INTRODUCTION 



Along with the increasing demands being placed on tac- 
tical missiles and concurrent improvements in warhead and 
guidance capabilities there has been a renewed interest in 
the development of the solid fuel ramjet propulsion system. 

The distinguishing features of the solid fuel ramjet 
(SFRJ) are the absence of fuel tankage, fuel delivery and 
fuel control systems. The fuel is entirely packaged in the 
combustor. The SFRJ combines the inherent operational 
simplicity of a solid propellant, the potential loading 
efficiency of a solid fuel rocket motor and the performance 
of an airbreathing cycle [Ref. 1]. 

In order to be competitive with other types of modern 
propulsive systems the SFRJ must show that it has a stable 
and efficient combustion process. Furthermore, the combus- 
tion efficiency must be demonstrated over the expected 
operating envelope of altitudes and Mach numbers. 

In the early 1970 's the Chemical Systems Division of 
United Technologies (CSD) carried out studies dealing 
directly with SFRJ combustor development. Using both the 
by-pass and non by-pass configurations of the combustor a 
technology base was established. This technology base is 
most often characterized by fuel regression rates and by 
combustor efficiencies. 
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Investigations into the combustion behavior of the 
SFRJ have progressed steadily since 1973 at the Naval Post- 
graduate School. In 1980 Scott [Ref. 2] sought to relate 
the reacting and non-reacting flow characteristics of solid 
fuel ramjets. Results of Scott's work indicated than an 
increase in the near-wall turbulence intensity measured in 
non-reacting flow correlates with an increased fuel grain 
regression rate in the reacting environment. This in turn 
can affect the combustion efficiency, depending upon the 
value of the equivalence ratio. 

This project continued the work begun by Scott. In 
this investigation an attempt was made to determine whether 
or not the combustion efficiency could be practically 
controlled by increased near wall turbulence mixing. Speci- 
fically, cylindrically perforated grains of varying lengths 
(in order to vary the fuel-air ratios from fuel lean to 
fuel rich) were to be hot fired and combustion efficiencies 
determined. The experiments were then to be repeated with 
circumferentially grooved grains, and the results compared 
to those of the ungrooved grains in order to determine if 
near-wall mixing is beneficial. If an effect could be 
demonstrated then the grooves would be varied in number 
and in size in an attempt to optimize their effect on 
combustion efficiency. 

In a related area the project also considered the com- 
bustion process in a cylindrically perforated fuel grain 
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with a twin side dump/dome configuration. This configuration 
has the potential of maximizing the use of the space and 
volume constraints of the SFRJ. 

In a further related area an attempt was made to obtain 
a better understanding of the effect of by-pass air on the 
combustion efficiency of the SFRJ. Experiments were to be 
performed with different combustor geometries and with 
various dump locations for by-pass air in order to see what 
effects these changes have on combustion efficiency. 

Finally, the project sought to determine radial temper- 
ature profiles in the combustor near the aft end of the 
fuel grain for various air mass flow rates. These data 
were needed to provide information for the validation of an 
existing computer model for the SFRJ combustion process. 
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II. METHOD OF INVESTIGATION 



Based on the work of Scott [Ref. 2], initial date col- 
lection consisted of selecting cylindrically perforated FMM 
grains (Fig. 1) of varying lengths and hot firing them. 

The varying lengths were chosen so that they produced air- 
to-fuel ratios that ranged from relatively lean to relatively 
rich. Combustion efficiencies of these grains were computed 
for both the non-bypass and the bypass configurations. The 
combustion efficiencies of these grains were then compared 
to the combustion efficiencies of cylindrically perforated 
grains of varying lengths that also had internal grooves 
machined into them (Fig. 2) . The intention was to determine 
whether or not the combustion efficiency could be practi- 
cally controlled by near-wall turbulence/mixing or if the 
dependence of the combustion efficiency on the fuel-to-air 
ratio was the overriding factor. 

The next area of data collection consisted of hot fir- 
ing a PMM grain in the non-bypass configuration but having 
a much shorter aft mixing chamber (Fig. 3). The purpose 
was to determine what percentage of the combustion occured 
aft of the fuel grain. 

Following these experiments the hot firing of a cylin- 
drically perforated fuel grain with a twin side -dump/flat 
dome configuration (Fig. 4) was attempted. The dome length 
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was 2.1 inches and the dump diameters were 0.554 inches. 

The twin dump configurations had never been successfully 
fired [Ref . 2 ] . 

Finally, in an attempt to determine the radial tempera- 
ture distribution in the fuel rich region between the wall 
and flame, a cy lindrically perforated fuel grain was pre- 
pared with a series of eight thermocouples imbedded in it 
near the aft end (Fig. 5). Two grains of this configuration 
were then hot fired. 



17 



III. DESCRIPTION OF APPARATUS 



A. RAMJET MOTOR 

The ramjet motor assembly used in the experiments is 
shown in figure 1. The primary parts of the assembly 
included the head-end section, the step insert section, the 
fuel grain and the aft mixing chamber. 

Primary air-flow is introduced into the head-end assem- 
bly through two openings as shown in figure 1. Also located 
in the head-end assembly were ports for the introduction 
of the ignition fuel and the igniter torch. Attached to 
the head-end assembly was a pressure tap which allowed 
measurement of the inlet pressure. 

The step insert section permitted variations in the size 
of the inlet diameter. 

The mid-section of the motor was the PMM grain. "0" 
rings located in the head-end assembly and in the aft mix- 
ing chamber provided a tight seal for the entire assembly. 
Once in place the fuel grain was secured in position by 
three threaded rods and nuts. 

The final part of the motor was the aft mixing chamber. 
Here the bypass air could be introduced at various axial 
locations or, alternatively, the chamber could be configured 
for non-bypass experiments by plugging the bypass air ports. 
The aft section of the mixing chamber was the ramjet nozzle. 
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For all hot firings a converging nozzle with a 0.75 inch 
throat diameter was used. Combustor pressure was measured 
near the aft end of the mixing chamber. An orifice was 
used at the aft end of the fuel grain to maintain a fixed 
area ratio between the fuel port and the aft mixing chamber. 

The entire ramjet motor assembly is shown in figure 7. 

B. AIR SUPPLY AND CONTROL SYSTEM 

The air supply system used for the experiments is shown 
in figure 8. The source of the air was a Pennsylvania Low 
Pressure Air Compressor which could supply air up to 150 
psi. From the compressor the air was fed into a large res- 
ervoir tank. A fourteen inch gate valve controlled the flow 
of air from the reservoir tank to the primary and secondary 
flow pipes located just upstream of the ramjet motor assembly. 
Standard ASME orifice flow meters were used to measure the 
flow rates of the air into the motor for both the primary 
and secondary air. Two manually operated gate valves, one 
in the primary air line and one in the secondary air line, 
were used to establish the required flow rates to the 
motor. When required, the primary air could be vented to 
the atmosphere instead of through the motor by the use of 
two pneumatically operated ball valves. 

C. DATA ACQUISITION SYSTEM 

Six pressure tranducers were located in the system in 
order to sense both primary and secondary line and differential 
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pressures and also the head and chamber pressures of the 
ramjet motor. Thrust measurements were made with a strain 
gage load cell. All of these measuring devices had their 
outputs recorded on a Honeywell Visicorder. 

When required, temperature profile measurements were 
accomplished by attaching the thermocouples embedded in the 
fuel grain directly to a second Visicorder. Air tempera- 
tures were measured with thermocouples and recorded on a 
strip chart. 

A five hertz signal from a frequency generator was used 
to provide an accurate time reference on the Visicorder. 

Data obtained from the Visicorder and strip chart were 
used to determine air flow rates, fuel-to-air ratios and 
average fuel regression rates. Combustion efficiencies were 
calculated using the equilibrium gas properties and tempera- 
tures generated by use of the NWC PEPCODE computer program 
(run on the IBM- 3053 system computer at the Naval Postgrad- 
uate School) . 
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IV. EXPERIMENTAL PROCEDURES 



A. CALIBRATIONS 

Prior to and following each set of hot firings the pres- 
sure transducers (including Kistler transducers for monitoring 
combustion pressure oscillations) and thrust pickup were 
calibrated over the expected ranges of pressures and thrusts. 

B. DATA EXTRACTION 

The Visicorder traces were used to determine all pressure 
and thrust readings for a given experiment. Using the time 
signal on the trace as the basis for determining the "middle" 
of the experiment, a line was then drawn vertically through 
this "middle" position. Then, by measuring from the equiv- 
alent zero location for any one of the desired parameters 
(thrust, chamber pressure, etc.) to the corresponding 
steady-state location on the vertical line, a characteristic 
length was determined. This characteristic length was then 
multiplied by the corresponding calibration value. The 
figure obtained was the numerical value (adjusted to absolute 
pressure as required) used in all subsequent calculations. 

The numerical values obtained by the above method of 
data extraction from the Visicorder traces were verified by 
a comparison with numerical values extracted from the traces 
with a compensating polar planimeter. The planimeter was 
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used to measure the area under each trace. The measured 
area was divided by the measured length of that trace. 

This resulted in an average trace height. The comparison 
of the numerical values obtained by each method showed 
little, if any, difference. 

C. REACTING FLOW EXPERIMENTS 

Following the calibration and the installation of the 
fuel grain into the motor assembly, the mass flow rate of 
air was manually set according to the particular value 
required for a given experiment. Typically, these values 
were 0.2 lbm/sec for the primary air in a non-bypass experi- 
ment and 0.1 lbm/sec for both the primary and secondary air 
in a bypass configured experiment. The actual values were 
established by setting the correct differential pressures 
across the orifices in the primary and secondary air lines. 

The equation used to determine the mass flow rate of 
air was [Ref. 3] : 



C = orifice discharge coefficient 

3 = d/D (orifice diameter/pipe diameter) 

Fa= area factor for thermal expansion of steel 

Y = expansion factor =1-(.41 + . 553 4 ) AP 

P Y 




where 
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P = line pressure (psia) 

Y = ratio of the specific heats of the gas 

p = density of the gas (lbm/cu.ft.) 

h = effective differential pressure 
(in. of water at 68°F) 

AP= differential pressure (psi) 

Typically the ignition sequence was started by setting 
the desired air-flow rate(s), and then activating the igni 
tion switch. Activation of the ignition switch caused 
ethylene gas to be injected into the forward part of the 
fuel grain along with the primary air flow. The resulting 
mixture was then ignited by an oxygen-ethylene torch whose 
flame came out of the surface of the step- inlet. A 
successful ignition usually lasted between two and three 
seconds . 

The majority of the reacting flow experiments lasted 
approximately 45 seconds. At the completion of the experi 
ment the loss in fuel grain weight was recorded. 

Following data extraction from the Visicorder traces, 
hand calculations were performed in order to determine the 
desired parameters from each individual experiment. 

The mass flow rate of air was determined from equation 
(1) using the actual recorded values of P and AP. 

The mass flow rate of fuel was determined by weighing 
the fuel grain before and after the experiment and dividin 
by the time duration of the experiment (adjusted for any 
ignition delay) . 
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Following determination of the flow rates the theoretical 
adiabatic combustion stagnation temperature T^, was deter- 

c. n 

mined from the known fuel-to-air ratio and combustion pressure. 

The average fuel regression rate was also determined 
based on the change from the initial to final average dia- 
meter. The initial average diameter was measured with a 
snap gage and micrometer. The final average diameter was 
determined based on weight loss by using the following 
equation : 

Df av -Jli AH * Di^ (2) 

W f L3 

where 

AW = weight change in pounds 
L = length of the fuel grain in inches 
P = density of PMM (0.0426 lbm/ cubic inch) 

Di ay = initial average diameter in inches 

The average fuel regression rate was then computed 
using 



r = Df 
av av 



Di 



'av 



(3) 



where 



t, = duration of the experiment in seconds 
b 

adjusted for ignition delay 

Experimental combustion stagnation temperatures ( i ex ^ 
were calculated based on the static pressure in the combustion 
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chamber and the measured flow rates. The one dimensional 
continuity equation for choked flow through a converging 
nozzle was expressed in terms of the combustion chamber 
stagnation pressure (P) [Ref. 4]. 



* t = P t A* VT 

V 1 



/R T 



ex. 



Y + l 
y/ 2 \ y - 1 



(y* 1 ) 



(4) 



From this expression the stagnation temperature T was 
found . 



ex 
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V +1 


t 






\ / 



(5) 



Measurements were made of chamber static pressure (P ) 

instead of chamber stagnation pressure (P ) . Since the flow 

was isentropic the relationship between P and P can be 

c t 

expressed as 




Y 

(1 + Y-l M 2 ) y_1 
2 



( 6 ) 



It was found that the Mach number M was typically less 
than 0.07 so that P t could be set equal to P c with less 
than 0.5% error. The values of y and R used in equation (5) 
were the equilibrium values obtained using the NWC PEPCODE 
computer program. 

Once T and T^, were determined the combustion 
ex th 

efficiency n was calculated using 



n 




(7) 
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where 



was the inlet air temperature recorded on 

the strip chart. 
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V. RESULTS AND DISCUSSION 



A. INTRODUCTION 

In this chapter the results of each of the four areas 
of investigation are discussed. A total of 21 experiments 
were attempted, of which 20 were successful in that combus- 
tion was sustained. The results of these experiments are 
contained in Table I. 

B. THE EFFECTS OF NEAR-WALL TURBULENT MIXING AND EQUIVALENCE 

RATIO ON COMBUSTION EFFICIENCY 

In this area of investigation grain length was varied to 
effect changes in equivalence ratio and circumferential grooves 
were used to enhance near wall mixing. 

1 . Cylindrically Perforated Fuel Grains of Varying 

Lengths Without Bypass 

Table II presents the combustion efficiencies of the 
cylindrically perforated fuel grains for experiments 1 
through 4. This Table shows that for the non-bypass config- 
uration with the mixture ratio varied (a result of varying 
the fuel grain lengths) , there was no significant change in 
the combustion efficiency. 

The results also indicate that, for PMM fuel, efficien- 
cies of approximately 100% are consistently achieved regardless 
of the mixture ratio. Figure 9 is a graph of combustion 
efficiency vs. mixture ratio for these four experiments. 



27 



These results do not agree with the tentative conclusions 
arrived at by Scott [Ref. 2] who surmised that the combustion 
efficiency appeared to be a strong function of the mixture 
ratio with the maximum occurring near stochiometric . How- 
ever, that opinion was based upon very limited test results 
with fixed grain lengths. 

2 . Cyl indricallv Perforated Fuel Grains of Varying 
Lengths With Circumferential Grooves and Without 
Bypas s 

Table III presents the combustion efficiencies of 
experiments 9 and 10. This Table shows that a grooved grain 
with a similar length to that of a non-grooved grain had 
the effect of increasing the fuel regression rate (and 
therefore, the equivalence ratio). This could be beneficial 
for a system that requires a high regression rate but is 
limited in fuel grain length. However, the grooves did not 
increase or decrease the combustion efficiency (which was 
still 100% (Fig. 9)). In summary, near-wall mixing merely 
changed the equivalence ratio but did not change the essen- 
tially 100% combustion efficiency that was attained in the 
nominal configuration. Metochianakis [Ref. 5] has previously 
found that near wall mixing decreased combustion efficiency 
for HTPB fuels. That fuel does not have 100% combustion 
efficiency and q varies with <j> . 
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C. THE EFFECTS OF BYPASS AIR ON COMBUSTION EFFICIENCY 



I'n this second area of investigation three different 
experimental configurations were employed in order to deter- 
mine the effect that bypass air has on the combustion 
efficiency of PMM. 

1 . Cyl indrical ly Perforated Fuel Grains of Varying 
Lengths With Bypass 

Table IV presents the performance summaries for 
experiments 5, 6, 7, 8, 11, 12, and 13. For the bypass 
configuration the combustion efficiencies were 22% to 28% 
lower than the combustion efficiencies of the non-bypass 
configured fuel grains (Fig. 9). The Table also shows 
that the combustion efficiencies were again insensitive to 
changes in the mixture ratio. 

2 . Cylindrically Perforated Fuel Grains Without Bypass 
and a Shortened Aft Mixing Chamber 

The decrease in combustion efficiency noted above 

can result from the bypass air quenching the reaction in 

the aft mixing chamber and/or by affecting changes upstream 

within the fuel grain. In order to clariy this behavior, 

tests were conducted without bypass with a shortened aft 

mixing chamber. Table V contains the combustion efficiencies 

for the fuel grains from experiments 17 and 18. Experiment 

18 used the same fuel grain that was used in experiment 17. 

With a much shorter aft mixing chamber (approximately 88% 

less volume than all previous runs, L/D = .35) there was a 

7-8% loss in combustion efficiency when compared to 
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similar non-bypass configured grains with a full sized 
mixing chamber, (Fig. 9). These results indicate that 
approximately 7-8® of the combustion process takes place 
in the full sized aft mixing chamber (L/D = 2.93) without 
bypass. Assuming a similar behavior with bypass, the 
remaining 15-20% loss in efficiency when bypass was used 
apparently resulted from changes in the combustion process 
within the fuel grain. 

5 . Cylindricallv Perforated Fuel Grains With Bypass 

and Choked Inlets 

In a concurrent and related area of research, pres- 
sure oscillations (instabilities in the combustion process) 
were observed to be occuring in the experiments with the 
bypass configured fuel grains. In an effort to isolate the 
source of the instabilities both the primary and bypass 
air flows were choked at the motor inlets for experiments 
14, 15 and 16. Table VI presents the performance summaries 
for these three experiments. The results indicated that 
the choking of the inlets did enable the combustion to 
occur under stable conditions. Figure 9 further shows that 
the combustion efficiency for these three experiments 
increased 15-20% over the bypass configured experiments with 
combustion instabilities. This was a return to the 
efficiency level attained without bypass but with the 
shortened aft mixing chamber configuration. These results 
indicate that, even though the bypass configuration can be 
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made to operate with stable combustion, the bypass air still 
adversely affected 7 to 8 percent of the combustion process; 
most probably by quenching the combustion process occurring 
in the aft mixing chamber. Apparently, the unburned hydro- 
carbons/carbon leaving the fuel grain burn most efficiently 
for PMM fuel when allowed to react more slowly in the aft 
mixing chamber. 

D. THE COMBUSTION PROCESS IN A CYLINDRICALLY PERFORATED 

FUEL GRAIN WITH A TWIN SIDE -DUMP/DOME CONFIGURATION 

In an effort to attain sustained combustion in a dome 
type configured fuel grain a modification to a previously 
configured [Ref. 2] dome type grain was made. This modifi- 
cation consisted of introducing primary air into the dome 
area of the grain through two dump injector ports instead 
of a single dump. In addition, each injection port was 
axially offset and inclined at an angle of 75 degrees to 
the centerline in the transverse plane of the grain. In 
order to insure that a swirl pattern would develop in the 
grain, the ports were further inclined 15 degrees in the 
longitudinal plane. 

Three attempts to ignite this fuel grain proved to be 
unsuccessful. Each attempt represented a different mass 
flow rate of air. Following these attempts a circular 
disk of HTPB fuel (.25 in thick and 1.5 in. in diameter) 
was attached to the head of the dome. This was done in an 
effort to assist in the development of a sustained combustion 
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because HTPB has a higher regression rate than PMM. This 
configuration also proved to be unsuccessful in three 
attempts at ignition, again with varied mass flow rates. 
Table VI summarizes these attempts. 

At the present time it is not knowi why combustion can 
not be sustained in this particular configuration. 

E. THE EFFECT OF AIR FLOW RATE ON THE RADIAL TEMPERATURE 

PROFILE NEAR THE AFT END OF THE FUEL GRAIN 

In this last area of investigation two experiments (19 
and 20) were performed in order to obtain two different 
radial temperature profiles near the aft end of the fuel 
grain for two different air flow rates. The intent was to 
obtain experimental profiles and compare them with computer 
generated profiles that are in part dependent upon air 
flow rate as a data input. The comparison could then be 
used to assist in the validation of the computer model. 

Two fuel grains were identically prepared with eight 
thermocouples imbedded one inch from the aft end of the 
grain. All of the thermocouples used were of the CHROMEL- 
ALUMEL type. Four of the eight thermocouples used 36 gage 
wire while the remaining four were 30 gage. 

The four thermocouples of each size were imbedded to 
a distance of .02 in., .10 in., .18 in., and .25 in. from 
the inside grain wall. The thermocouples were also spaced 
45 degrees apart from each other. Figure 5 is a sketch of 
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this configuration. It was hoped that with this arrangement 
the small gage thermocouples would provide a faster response 
time to temperature changes, while being complemented by 
the heavier gage thermocouples which would last longer in 
the expected high temperature, high velocity flow region. 

1 . Cylindrically Perforated Fuel Grain With Imbedded 

Thermocouples Without Bypass 

This particular configuration was chosen for experi- 
ment No. 20 to provide the desired initial air flow rate of 
.20 lbm/sec. The voltage signals obtained from the thermo- 
couples were input directly into a Visicorder. The traces 
obtained were then used with previously obtained calibration 
curves. The calibration curves (for both gages of thermo- 
couples) were necessary since the experiments were conducted 
without the use of an ice bath or other type of reference 
junction. The calibration consisted of using an oxy- acetylene 
torch as a heat source for the thermocouples that were 
simultaneously being referenced to an electronic ice point. 

By measuring the temperature induced voltages on a digital 
volt meter the deflections on the Visicorder traces could 
be related to the temperature induced voltages. Figure 10 
is a plot of this relationship for both types of thermocouples. 
The data extraction method used consisted of measuring the 
deflection distance from the Visicorder trace, entering the 
calibration curve with the distance and obtaining a 
corresponding voltage which was then used with tables that 



relate the induced thermocouple voltage to the actual 
temperature being sensed by the thermocouple (uncorrected 
for radiation heating) . Figure 11 is a graph of temperature 
vs. time for seven of the eight thermocouples used in 
experiment 20 (one small thermocouple showed no response). 
This graph clearly shows the similarities in the response 
times of each of the thermocouples to the increasing temper- 
ature as the fuel grain burned. This indicates that a 
uniform, axisymmetric flame boundary existed at this 
particular location in the fuel grain. 

The actual average regression rate for this experi- 
ment was determined to be .0063 in/sec, based on the 
measured weight loss and previous experiments using the 
same configuration. Using this regression rate and the 
information from figure 11, a temperature vs. distance 
profile was produced as shown in figure 12. This graph 
shows the similarities in each of the profiles for the 
four heavy gage thermocouples. The graph represents the 
temperature profiles as they occurred in the fuel grain 
if the ordinate of the graph is located as shown. This 
would seemingly contradict, however, the knowledge that 
the surface temperature of burning PMM is approximately 
600 degrees Kelvin. In order to take this into account 
the profiles need to be shifted either to the left or to 
the right within a range of .030 inches depending upon the 
thermocouple. Several experimental conditions affected 
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the profiles. The leveling off of the temperature occurred 
because the thermocouples bent over when they lost strength 
as they approached the flame. Each thermocouple also 



generated near-wall mixing and increased the local fuel 
regression rate. This, in turn, could reduce the local 
temperature because of the more fuel rich condition that 
was generated. 

2 . Cy lindrically Perforated Fuel Grain With Imbedded 

Thermocouples With Bvpasi~ 

This configuration change from experiment 20 was 
made for experiment 19 so that a lower air flow velocity 
in the fuel port could be achieved while still maintaining 
a choked exhaust nozzle. However, as discussed above, 
bypass air may affect the temperature profile within the 
fuel port. To minimize this effect the motor air inlets 
were operated in a choked condition. 

Figure 13 shows the temperature vs. time profiles 
for six of the eight thermocouples in this experiment. 

Two of the thermocouples were never exposed to the flame 
due to the lower regression rate, a characteristic of the 
bypass configuration. Again there were similarities between 
all of the profiles, indicating the same conclusions drawn 
from experiment 20. 

For this experiment the average regression rate 
was determined to be 0.0043 in. /sec based on the measured 
weight loss and previous experiments using the same 



35 



configuration. Figure 14 is a plot of temperature vs. 
distance based on this regression rate. This graph shows 
an even better agreement between the profiles obtained 
with the heavy gage thermocouples than in experiment 20. 

As in experiment 20, in order to bring these profiles to 
a position that would agree with a 600 degree Kelvin surface 
temperature a shift to the left of from .0225 to .0274 
inch in the profile would be required. 

3 . Comparison of Computer Model Temperature Profiles 

With Experimental Profiles 

Using the primary air mass flow rate, the chamber 
pressure and the temperature of the inlet air as inputs to 
the computer program, temperature vs. distance profiles 
were predicted as shown in figures 12 and 14 as the dashed 
lines. The dashed line in figure 14 is based on the primary 
mass flow rate of air used in experiment 19 (.098 lbm/sec). 
The solid lines in figure 14 represent experimental profiles 
for experiment 19. The comparison shows that for the range 
of temperatures between 600 and 1000 degrees the profiles 
were similar. However, going beyond 1000 degrees there 
was a marked difference between the profiles. This differ- 
ence is probably due to the fact that the thermocouples 
have by this time bent over and/or burned out, making 
them incapable of measuring the higher temperatures 
encountered. Since the computer model predicts temperatures 
of over 2500 degrees it would not be correct to make an\ 
further comparisons based on the available experimental ^ata. 
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The dashed line in figure 12 is based on the mass 
flow rate of air used in experiment 20 (.194 lbm/sec) . 

Upon comparison it can be seen that were was even less agree- 
ment between profiles than in the previous experiment with a 
lower air mass flow rate. Again, this could be attributed 
to the fact that the thermocouples have ceased to function 
at a much lower temperature (approximately 1500 degrees) 
than that which the computer model used as its final data 
point (approximately 2900 degrees) . 

Comparison between the theoretical and experimental 
profiles indicates that the computer model gives a steeper 
gradient for both the high and low air flow rates than 
those that actually occurred in the experiment. 

The computer model also predicts a steeper gradient 
for the higher flow rate, but the experimental results 
indicate nearly identical gradients for both flow rates. 
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Table. I 

Results of All Successful Experiments 
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Table II 





Performance 


Summary for 


Cylindrically 






Perforated 


Fuel Grains 


Without Bypass 




Test 


No. L(in) 




n r 


(in/sec) 


1 


12 


0 . 743 


1.02 


. 0064 


2 


14 


0.908 


1.06 


. 0057 


3 


16 


0 . 983 


0.99 


. 0061 


4 


18 


1.060 


1.03 


. 0060 



Table III 



Performance Summary for Cylindrically Perforated Fuel 
Grains With Circumferential Grooves Without Bypass 



Test No. 
9 

10 



L ( in) 
8 

11 



<P 

.624 
. 983 



n 

1.00 

0.99 



r (in/sec) 
.0074 
. 0083 
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Table IV 



Performance Summary for Cylindrically Perforated 
Fuel Grains of Varying Lengths With Bypass 



Test No. 


LCin) 


<j> 


n 


r (in/ sec) 


5 


14 


. 91 


.82 


. 0059 


6 


18 


.948 


. 79 


. 0052 


7 


22 


1.54 


. 93 


.0058 


8 


24 


1.54 


.82 


.0054 


11 


21 


1.17 


. 76 


. 0055 


12 


20 


1.03 


. 76 


. 0051 


13 


19 


1.06 


. 73 


. 0054 



Table V 



Performance Summary for Cylindrically Perforated 
Fuel Grains With Shortened Aft Mixing Chamber 



Test No. 


L (in) 




0 


r (in/sec) 


17 


14 


. 886 


. 94 


. 0062 


18 


14 


1 . 05 


.97 


. 0058 
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Table VI 



Performance Summary for Cyl indr ical ly Perforated 
Fuel Grains With Bypass and Choked Inlets 



Test No. 


L C in) 




n 


r ( in/ sec) 


14* 


14 


.79 


. 93 


. 0043 


IS 


14 


.65 


.95 


. 0047 


16** 


14 


. 68 


1.00 


.0039 


* reused 


grain no. 


5 






** reused 


grain no. 


IS 







Table VII 

Air Flow and Inlet Site Summary for Cylindrically Perforated 
Fuel Grain With Twin Side -Dump/Dome Configuration 



Dd (in) 


. 554 


. 354 


. 554 


Ld (in) 


2.1 


2.1 


2.1 


m (lbm/sec) 


.15 


.20 


.25 
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VI. CONCLUSIONS AND RECOMMENDATIONS 



Fuel grains of varying lengths along with fuel grains 
with circumferential grooves were tested in order to isolate 
the effects of mixture ratio and near-wall mixing on com- 
bustion efficiency. Efficiency did not vary with equivalence 
ratio. Near-wall mixing increased regression rate but did 
not increase efficiency. Since PMM burns essentially with 
100% efficiency in all non-bypass configurations, other 
types of hydrocarbon based fuels should be used to study 
these effects. 

Bypass air adversely affects the combustion efficiency 
when PMM fuel grains were used. The effect was greater 
when combustion pressure oscillations were present. It 
is recommended that further research be directed to the 
localization and cause of the combustion pressure oscillations. 

The inability of the twin side-dump/dome configuration 
to sustain combustion still warrants further investigation. 
Possibly a fuel with even a higher rate of regression then 
HTPB could be used in the dome to stabilize the flame. 

Finally, in order to obtain a better range in the 
experimental radial temperature profiles it is recommended 
that a probe be used instead of imbedded thermocouples to 
measure the flame temperatures. This could insure that 
experimental temperatures and theoretical temperatures 
would have a more meaninful comparison. 
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Fig nr* 1, S«k*«atl« of Cyl±»dri«ally P*rforat*d Fn*l Grain 
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Fignr* 2. S«k**ati« of Cylindrinally P*rforat*d Fn*l Grain 
witk Cir*n»f#r*ntial GrooTaa 
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Fisnro 3* Photograph of Ranjtt Motor Assembly with Shortsnad 
Aft Mixing Chamber* 
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Figure ' 4 . Schematic of Cjlindrically Perforated Fual 
Grain with Twin Sid •-Dump/ Dome Inlets. 
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Figure 5. Schematic of Cylindrically Perforated Fuel Grain with 
Imbedded Thermocouples. 
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Figure 7. Photograph of Solid Fuel Ramjet Assembly 
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Figure 9. Combustion Efficiency vs. Mixture Ratio 
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Galvanometer Deflection, mm 
Figure 10. Thermocouple Calibration Curves 
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Figure 11. Temperature vs. Time for Experiment No. 20 
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Figure 12. Radial Temperature Profiles for Experiment No. 20 
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figure 13. Temperature vs. Time for Experiment No. 19 
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Figure 14. Radial Temperature Profiles for Experiment No. 19 
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